Abstract Real-time Bonner sphere spectrometry (BSS) at the HL-2A tokamak for the neutron spectrum diagnostic is described. The spectrometer consists of eight different size Bonner spheres made of polyethylene and with a 3 helium-filled detector in the center, pre-amplifiers, and parallelprocessing data acquisition system (DAQ). Dynamic neutrons from plasma discharges of the HL-2A tokamak were measured and the real-time neutron spectrum was presented.
Introduction
The HL-2A tokamak has been put into operation in the Southwestern Institute of Physics since 2002. It is characterized by the first diverter and first elongated plasma cross-section in China [1] . This tokamak has developed more than 30 advanced plasma diagnostic systems, providing large amounts of experimental data for building fusion reactors in China. With the increase of the fusion energy on the HL-2A, fusion neutron field gets enhanced and radiation protection becomes even more critical. Fusion neutrons carry energy around either 2.5 MeV or 14.1 MeV. They can easily penetrate the vacuum chamber and cause damage to other equipment and researchers in the hall. This makes it essential to have neutron detection on tokamaks [2, 3] . Moreover, fusion neutrons can reflect multiple parameters of the reactions inside the plasma, including the temperature, the fuel density and the impurity interference of the plasma. These parameters are of critical significance for diagnosis and control of reactions inside the plasma [4] . In a word, it makes great sense to research into the neutron energy spectrum on the tokamak. Neutron detection is also highly emphasized on other tokamaks around the world, like TFTR [5] JET [6] , JT-60U [7] , KSTAR [8] , etc. Bonner sphere spectrometry (BSS) was invented by Bramblett in 1960 and up to now has been used in related laboratories around the world for neutron spectrum measurement [9] . Despite its poor energy resolution, this method covers a wide range of energy, from thermal to GeV neutrons. Besides its simple functions, high sensitivity and almost all the isotropy responses make BSS quite popular [10, 11] . The system is then considered to be most suitable for tokamak, which has a mixed field of gammarays [12, 13] and neutrons as well as a wide neutron energy range [14−17] . Suppose the number of the BSs is n and the response function for the ith PS is R i (E), neutron energy spectrum is φ(E), and N 1 , N 2 ...N n are the neutron counts of n BSs respectively, then the count for the ith PS is:
Measurement for neutron energy spectra is finally transformed into a solution of linear Eq. (1). Where
is the neutron counts measured by the ith BS, R i (E) is the ith BS gained through Gent4 simulation and φ(E) is the neutron spectrum to be obtained.
A neutron spectrum diagnostic system has been developed by the nuclear physics laboratory of the University of Science and Technology of China, aimed at obtaining real-time neutron energy spectra so as to provide important parameters for research and control of nuclear fusion reactors. Experiments have been carried out smoothly with positive outcomes, and this system is now working stably on the HL-2A tokamak. 2 Bonner sphere spectrometer at the HL-2A tokamak
The system structure is shown in Fig. 1 . It contains 8 Bonner spheres (made of polyethylene and with 3 helium detectors inside), a high-voltage supply, pre-amplifier, DAQ (data acquisition system) and host computer.
DAQ judges whether the signal is a neutron signal through the comparator, gets neutron counts in FPGA, and at last uploads 8-channel real-time neutron counts to the host computer. The host PC software then calculates the real-time neutron energy spectra based on the response functions of BSs.
Bonner spheres and response functions
The polyethylene spheres (PSs) of the Bonner sphere were manufactured by Physikalisch-Technische Bundesanstalt (PTB) in Brunswick, Germany, with a density of 0.946 g/cm 3 , and diameters of 4.0", 5.0", 6.0", 7.0", 8.0", 9.0", 10.0", 12.0" respectively. At the center of the PS is the SP9 3 helium proportional counter. The simulation for the 8 response functions is generated by Monte Carlo code Gent4, and Fig. 2 shows the response functions.
Relative positions of the BSs and the HL-2A are shown in Fig. 3 . 8 BSs are positioned in two parallel rows 40 cm apart, and centers of spheres are 40 cm apart on the equatorial plane of the HL-2A tokamak. The first BS is 5.4 m away from the outer wall of the tokamak.
Data acquisition system (DAQ)
To achieve real-time observation of changes of neutrons on the HL-2A, the neutron energy measurement system needs to show real-time neutron counts and neutron energy spectrum. Yet acquisition systems based upon the traditional mode of the multichannel are limited on count rate. For this we designed the high count rate acquisition system, to meet the real-time performance requirements.
The structure of DAQ is shown in Fig. 4 . The internal parallel processing characteristics of FPGA allow the signal processing and collecting of 8 channels to be completed at the same time. In this way no dead time is generated inside DAQ, which ensures the real-time requirements. Meanwhile, FPGA is capable of controlling and adjusting the threshold of screening and the time sharing. Data processing and uploading inside FPGA costs 11.3 µs and spectrum unfolding in the host PC takes less than 2 ms; this means that after about 2 ms, the system can show the measured neutron spectrum, which meets the real-time requirement. When plasma discharges, neutrons are often generated by fusion fuel deuteron ions with energy about 2.5 MeV. Most neutrons are generated by the beamthermal component under NBI (Neutral Beam Injection). Measured data are shown in Fig. 6 .
As shown in Fig. 6 , D plasma current inside the vacuum chamber on the tokamak goes up from time 0 ms and stabilizes at 160 kA for a period of time. After neutral beam D is injected at time 500 ms, the plasma fusion reaction happens and the 8 Bonner sphere detectors get neutron counts. Due to the randomness of nuclear reactions and a small time-share (1 ms), the counts present a random fluctuation. Neutron counts of each BS become steady after neutral beam D is injected. During this period of time, fusion reactions, neutron energy spectra and neutron counts are almost stable.
After the reduction of background counts, the true neutron counts were obtained. Table 1 shows the average neutron counts in 10 ms. Fig. 7 displays the unfolded neutron energy spectrum.
The response functions of the PSs are generated through Geant4 simulation, combined with the Least Square Method [18, 19] , are used to unfold neutron energy spectra. Simulation for neutron energy spectrum exists on many other tokamak devices, like MAST [20] and KSTAR [21] . Neutrons generated inside the plasma penetrate through the vacuum vessel, possibly go through multiple reflection by the concrete wall of the experimental hall, and get detected by the BSs. For the energy region between 10 keV and 2.45 MeV, neutrons are produced through inelastic scattering. In the flat region from 1 eV to 10 keV, neutrons are moderated mostly due to elastic scattering with media. There is a thermal peak at 1.77 eV due to neutrons that are in thermal equilibrium with wall materials at room temperature; the peak at 0.6 MeV is generated by neutrons that can be detected directly after penetrating the vacuum vessel (no collisions with concrete walls).
Conclusions
A real-time Bonner sphere spectrometry system is developed on the HL-2A tokamak device for real-time neutron energy spectrum measurement. The system runs well in the complex environment (high gammarays, neutrons and their scattering). Since the system covers a wide energy range while having only 8 neutron detectors, more effort is needed to get more precise neutron spectrum data. Possible ways include adding more BSs and further improving the spectral algorithm.
